Induced pluripotent stem cells (iPSC) derived from healthy individuals are important controls for disease-modeling studies. Here we apply precision health to create a high-quality resource of control iPSCs. Footprint-free lines were reprogrammed from four volunteers of the Personal Genome Project Canada (PGPC). Multilineage-directed differentiation efficiently produced functional cortical neurons, cardiomyocytes and hepatocytes. Pilot users demonstrated versatility by generating kidney organoids, T lymphocytes, and sensory neurons. A frameshift knockout was introduced into MYBPC3 and these cardiomyocytes exhibited the expected hypertrophic phenotype. Whole-genome sequencing-based annotation of PGPC lines revealed on average 20 coding variants. Importantly, nearly all annotated PGPC and HipSci lines harbored at least one pre-existing or acquired variant with cardiac, neurological, or other disease associations. Overall, PGPC lines were efficiently differentiated by multiple users into cells from six tissues for disease modeling, and variant-preferred healthy control lines were identified for specific disease settings.
INTRODUCTION
The development of induced pluripotent stem cells (iPSC) led to rapid development of many stem cell-based models of disease (Takahashi and Yamanaka, 2016) . Despite exponential growth in the application of iPSCs across multiple tissue-and organ-based systems, there remains no consistent consensus about which control lines should be used in disease-modeling studies. Over the past decade, choices for control cells have ranged from: (1) human embryonic stem cells (hESCs) that are considered healthy despite a medical history being unavailable, (2) iPSCs from healthy but unrelated individuals (Schwartzentruber et al., 2018) , (3) iPSCs from unaffected family members who may have been phenotyped for the disease of interest, but with unknown broader health profile (Lan et al., 2013) , and (4) isogenic pairs of iPSC lines derived through CRISPR-Cas9 gene editing (Deneault et al., 2018) , or through nonrandom X chromosome inactivation status in female cells (Tchieu et al., 2010) . Hundreds of sources of unrelated and related healthy iPSC lines exist and are widely available from individual labs, biobanks, and large iPSC-focused consortia, such as HipSci (Streeter et al., 2017) .
Although there are genetically diverse lines to reflect heterogeneity found within the human population, all control lines are potentially compromised by genetic variants that may predispose to a phenotype or mask it (Hollingsworth et al., 2017) . At present, disease modeling has focused on penetrant monogenic disorders that may be relatively unaffected by the presence of concurrent variants. However, we anticipate an emerging need for healthy controls with few disease variants as modeling of complex diseases builds toward assessing the impact of modifier genes or multigenic disorders that may involve Figure 1 . Active Neurons Generated from PGPC iPSCs Display Similar Dendrite Morphology and Network Circuitry (A) Differentiation scheme to generate excitatory cortical neurons by induction of Ngn2. Transduced iPSCs were dissociated to single cells and plated in the presence of ROCK inhibitor. At D1, medium was changed to CM1 and Ngn2 was induced by incubating with doxycycline until D7. Puromycin was added from D2 to D4 to remove any non-transduced cells. Culture medium was changed to CM2 on D3. Ara-C was added from D6-8 to remove any remaining dividing cells. On D8, neurons were re-seeded for downstream assays in BrainPhys medium.
(legend continued on next page) multiple variants including noncoding variants in gene regulatory regions.
iPSCs carry additional variants compared with donor sequences (D'Antonio et al., 2018; Gore et al., 2011) . This has made apparent the need for whole-genome sequencing (WGS) to identify the full set of potential disease-susceptibility variants present in such control lines (D'Antonio et al., 2018; Kilpinen et al., 2017; Popp et al., 2018) . Although there are some common reprogramming-associated variants (Yoshihara et al., 2017) , most variants appear to be present in the original mosaic source of cells reprogrammed (Abyzov et al., 2017) . Some of these variants could affect downstream differentiations and baseline phenotypes of differentiated lineages (Hoekstra et al., 2017) . Furthermore, most control lines are recruited for specific studies limited to a single tissue type or disease, and therefore their versatility for multilineage-directed differentiation into many functional cell types required for broad disease modeling research is not firmly established.
One way to limit the presence of potentially confounding variants is to reprogram cells from selected donors who have minimal variant load. In both the initial Personal Genome Project (PGP) and Personal Genome Project Canada (PGPC) publications, one aim was to generate iPSCs that would have extensive genomic characterization (Ball et al., 2012; Reuter et al., 2018) . PGPC genotyped and clinically annotated the genomes of 56 apparently healthy individuals who consented to disclosure of their genome sequence and medical traits (Reuter et al., 2018) . In addition to comprehensive annotation of all classes of constitutional genetic variants, these analyses also included their assessment of the mitochondrial genomes and their pharmacogenetic diplotypes. All healthy PGPC individuals harbor heterozygous variants of unknown significance in disease-relevant genes, but still had no overt disease phenotype at the time of initial assessment or at the start of this study. Here we report the iPSC resource generated from PGPC donors.
Our resource comprises multiple iPSC lines derived from two male and two female donors. One line each from both males and one female was subjected to multilineagedirected differentiation into cortical neurons, cardiomyocytes (CMs), and hepatocytes representative of the three germ layers. The morphology and function of the resulting cells were evaluated to assess the versatility of PGPC iPSC lines for in vitro studies of different tissues. To further evaluate the versatility of the resource, we shared the three best-characterized PGPC lines with pilot users for differentiation into kidney organoids, T lymphocytes, and sensory neurons. CRISPR gene editing of a known cardiomyopathy gene created an isogenic pair of lines for modeling a cardiac disorder. As variant annotation of the donors became available (Reuter et al., 2018) , we performed WGS to search for iPSC line-specific variants that were distinct from donor PGPC blood variants, and surveyed off-target mutations in the gene edited line.
Results

Isolation and Pluripotency Characterization of PGPC iPSC Lines
We invited PGPC donors to participate in this iPSC study, and selected two male (PGPC3 and PGPC17) and two female donors (PGPC14 and PGPC1) (Reuter et al., 2018) . We collected peripheral blood to isolate and reprogram CD34+ cells using non-integrating Sendai viruses. Approximately 120 clones from each donor were picked and qualitative metrics (colony morphology and low levels of spontaneously differentiated cells) were used to select lines for characterization. iPSC lines were maintained in feederfree conditions and tested for Sendai virus clearance at passage (P)8 to 10. Sendai virus-negative lines were sent for karyotyping between P13 and P15. At least four karyotypically normal cell lines were found from each donor, with standard characterization results summarized in Table S1 and representative data shown in Figure S1 . All cell lines stained positive for both cell surface (SSEA4 and TRA-1-60) and nuclear (OCT4 and NANOG) undifferentiated markers ( Figure S1 ). We tested functional pluripotency by spontaneously differentiating embryoid bodies followed by staining for markers of all three germ layersectoderm (TUBB3), mesoderm (SMA), and endoderm (AFP) ( Figure S1 ). All female lines had skewed X chromosome inactivation as revealed by androgen receptor assays (B) Representative immunocytochemistry image of iPSC-derived neurons after 6 weeks in culture labeled with DAPI and MAP2 and sparsely labeled with GFP (independent experiments = 2; technical replicates = 20). Scale bar represents 100 mm. Color channels were independently altered to adjust contrast for publication. (C-E) Plots of (C) soma area, (D) total dendrite length, and (E) number of intersections (Sholl analysis) from 6-week-old neurons (independent experiments n = 2; technical replicates per batch = 20). (C and D) Boxplots indicate median values. (E) Mean values were plotted with error bars indicating SE. Statistically significant pairwise comparisons indicated by * are inset. (F and G) (F) Representative raster plots of PGPC3 neurons from a single-well of recordings collected by micro-electrode arrays at different time points (two independent experiments each with eight technical replicates). Each spike is indicated by a black line, blue lines represent bursts defined by at least five spikes each separated by an inter-spike interval of no more than 100 ms. (G) Bursts are absent after treatment of week 7 neurons with CNQX (left). Bursts begin to return after compound removal and replacement with fresh basal medium (right).
consistent with preservation of an inactive X chromosome observed in isogenic female lines ( Figure S1 ). These data confirm basic pluripotency status of our resource and cells were expanded and banked at passages ranging from P14 to P16.
We chose to focus on one cell line from the first three donors for deeper characterization as PGPC1 was recruited much later. PGPC3_75, PGPC14_26, and PGPC17_11 were selected for further phenotyping based on qualitative metrics regarding their growth rate, morphology, and relative low rate of spontaneous differentiation. RNA sequencing was analyzed online using Pluritest, and all lines cluster to the pluripotency quadrant ( Figure S1 ). As explained in detail below, we validated the pluripotency and explored the versatility of all three lines for multilineage-directed differentiation to excitatory cortical neurons, CMs, and hepatocytes as representatives of cells derived from ectoderm, mesoderm, and endoderm respectively.
At this point the WGS data of all the PGPC participants became available and were annotated for coding variants defined by the American College of Medical Genetics (Richards et al., 2015) . Two heterozygous variants of uncertain clinical significance (VUS) associated with electrophysiological alterations in cardiac disease (Table S2) were identified in PGPC3 (TRPM4) and PGPC14 (KCNE2), respectively. VUS that could affect neurologic function were found in cells derived from PGPC14 and PGPC17 (Table S3) . We therefore prioritized PGPC3 as a preferred line for neuronal models and PGPC17 as a variant-preferred line for cardiac models based on their pre-existing variants. The newest PGPC1 female lines are available only with variant annotation (Table S2 ) and pluripotency characterization as part of the resource. Ectodermal Differentiation into Active Cortical Neurons To evaluate PGPC iPSC-derived neurons, we infected PGPC lines and a previously published control iPSC line (WT37) (Cheung et al., 2011) with lentivirus bearing doxycyclineinducible Ngn2 to generate homogeneous populations of excitatory cortical neurons (Zhang et al., 2013) . Neurons were induced with doxycycline for 1 week and selected with puromycin and cytarabine (Ara-C) (Deneault et al., 2018) then re-seeded for morphological analysis in co-cultures with mouse astrocytes after an additional 5 weeks ( Figure 1A ). To measure single neurons, we sparsely labeled 6-week cultured neurons by transfection with ubiquitous expressing GFP plasmid in two batches. Neurons were identified by staining with pan-neuronal marker MAP2 ( Figure 1B ). Soma area, dendritic length, and neuronal complexity of the PGPC neurons determined by Sholl analysis were similar to the wild-type control (Figures 1C-1E) .
To investigate the activity of the variant-preferred PGPC3 neurons, we collected weekly micro-electrode array (MEA) recordings (Axion BioSystems) for extracellular electrophysiology measurements (Deneault et al., 2018) over 6 weeks (weeks 2-7). Representative raster plots of PGPC3_75 showed progression of spontaneous activity at 3 weeks compared with development of network bursts at 5 and 7 weeks ( Figure 1F ). At the 7-week time point, we observed synchronous firing across multiple electrodes (minimum 8/16 electrodes) within wells, indicative of neural circuit formation as measured by network burst frequencies. Neurons displayed weighted mean firing rates ranging from 5 to 7.5 Hz and network burst frequencies ranging from 0.1 to 0.35 Hz, which were comparable with or more active (5 and 0.1 Hz, respectively) than our previously published MEA results from Ngn2-derived neurons (Deneault et al., 2018) . To confirm that recorded activity was due to synaptic transmission from glutamatergic excitatory neurons, we treated cells with an a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor inhibitor-6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)-which abolished network bursting ( Figure 1G ). Network bursting began to recover 2 h after washing out CNQX. These findings demonstrate differentiation of three PGPC lines into neurons and that the variant-preferred PGPC3 line was spontaneously active in network circuits. Mesodermal Differentiation into Contractile Cardiomyocytes PGPC iPSCs were differentiated into CMs using a STEMdiff Cardiomyocyte Differentiation Kit (Figure 2A ). We observed beating cells at D8 with all lines. Contractile cultures were dissociated to single CMs at D16 for flow cytometry. The proportion of cardiac troponin T (cTNT)-positive cells was routinely between 75% and 85% (Figure 2B ). The D16 CMs were re-seeded into 24-well plates and matured for an additional 17 days to D33. Immunostaining showed that D33 CMs were a mixture of round and cylindrical-shaped CMs and most cells positively stained for cTNT, myosin light chain variant 2 (MLC2V-a ventricular marker), and the sarcomere marker a-actinin ( Figure 2C ). Intracellular Ca 2+ transients were measured by loading D31 and D34 CMs with Fluo-4 AM dye. Fluorescence intensity ratios were plotted against time to calculate the Ca 2+ transient amplitude and rate ( Figures 2D-2F ). All three PGPC CMs had similar average beat rates and amplitudes.
To measure contractility of PGPC17_11 in a complementary method and to determine extracellular electrophysiology, an xCELLigence Real-Time Cell Analysis (RTCA) Cardio ExtraCellular Recording (ECR) system was used. In brief, contracting CMs were recorded every 3 h for 25 days after reseeding ( Figure 2G ). Contractility of CMs was evaluated via impedance readouts as beats per minute (bpm) and beating amplitude (BAmp) defined as the cell index value between lowest and highest Figure 3B ). FG progenitors were further specified to hepatoblasts (HBs) followed by maturation to HLCs by D25 where clear upregulation of respective mRNAs was assessed by qPCR (normalized to fetal liver) ( Figure 3B ). Over 95% of HLCs tested positive via flow cytometry for hepatocyte markers including albumin (ALB), alpha fetoprotein (AFP), alpha-1-antitrypsin (A1AT), and CYP3A7 ( Figure 3C ), and further supported by immunostaining for AFP, ALB, CYP3A7, and HNF4A ( Figure 3D ). Measuring functional activity of HBs (D14) and HLCs (D25) was performed using a p450-glo assay (Promega). As expected, HLCs had significantly more enzymatic activity of CYP3A7 as measured by luminescence as compared with HBs. Treatment with 1 mM ketoconazole inhibited enzymatic activity of CYP3A7 to levels observed in HBs ( Figure 3E ). These results demonstrate differentiation of the three PGPC lines into hepatocytes that produce active enzymes.
Utility of the Resource--Mesodermal Differentiation into Kidney Organoids and T Cells
To test the utility of PGPC lines as a resource, we made them available to pilot users. Unlike monolayer differentiations described above, human kidney organoids are 3D structures generated from iPSCs consisting of multiple cell types and resembling early embryonic human kidney tissue (Takasato et al., 2015) ( Figure S2A ). This protocol entailed a 7-day monolayer culture with directed differentiation toward posterior streak mesoderm (PSM) and subsequently to anterior and posterior intermediate mesoderm (AIM and PIM, respectively). This was accomplished by applying the canonical WNT-signaling activator, CHIR99021 (CHIR), followed by a switch to fibroblast growth factor 9 (FGF9) and heparin. Timing of the FGF9/heparin switch (between D3 and D5 of differentiation) determined the relative proportion of AIM versus PIM and thus fewer or more nephrons. For all experiments, we made this factor switch on D5. During this course, the PSM marker T (brachyury) was transiently induced followed by AIM marker GATA3 and PIM marker HOXD11 as measured by qPCR and expression was normalized to iPSCs at D0 ( Figure 4A ). After 7 days of monolayer differentiation cells were aggregated, transferred to Transwell membranes, pulsed with CHIR, and then treated with FGF9/heparin for an additional 5 days. Aggregates began reorganization and formed nephron-like structures. mRNA level analysis of D25 organoids (normalized to D7 pre-aggregated cells) showed induction of markers of different nephron segments, endothelial, and stromal cells ( Figure 4A ). Immunofluorescence imaging of D18 crosssections of organoids showed glomerular structures-positive for podocyte marker Wilms tumor 1-as well as tubular structures, both proximal-labeled with lectin (LTL)-and distal-positive for E-cadherin ( Figure 4B ). These results show that 3D kidney organoid structures are produced by the PGPC lines.
without retinoic acid (RA). Medium was changed every other day, then on D9 cells were switched to low glucose DMEM supplemented with SB-431542 and bone morphogenic protein (BMP4) from day 9 to day 15. bFGF was added back to the medium during D9 to D15 while B27 with RA was supplemented from D9 to D25 with medium changed every other day. From D15 to D25 hepatocyte growth factor (HGF), dexamethasone, and oncostatin M (OSM) were added to culture medium. From D15 to D21, cells were cultured in a mixture of low glucose DMEM/Ham's F12 (3:1) medium, and at D22 cells were cultured in a mixture of high glucose DMEM/Ham's F12 (3:1) medium. Bright-field images highlight morphology changes during differentiation. Scale bars represent 100 mm. (B) Heatmaps indicating log2 fold change of marker gene expression normalized to iPSCs (top) or to fetal liver (bottom) (independent experiments = 3). (C) Dissociated D25 PGPC14 HLCs were labeled with anti-ALB and anti-AFP (left) or anti-alpha-1-AT and anti-CYP3A7 (right) and subjected to flow cytometry (independent experiments = 3). (D) Representative immunocytochemistry images of D25 PGPC14 HLCs labeled with DAPI and anti-AFP, anti-albumin, anti-CYP3A7, or anti-HNF4A (independent experiments = 3). Scale bars represent 100 mm. Color channels were independently altered to adjust contrast for publication. (E) Log scale plot of luminescence of each cell line measuring P450 enzymatic activity assayed at D14 and D25 with or without ketoconazole as an inhibitor (independent experiments n = 3; technical replicates for untreated samples = 2, treated samples = 1). Statistical significance was determined by Dunn's test between all samples and * indicate pairs where p < 0.05. To evaluate the potential to generate hematopoietic stem/progenitor cells (HSPCs) and mature T cells, we compared the PGPC lines with iPSC11 (Alstem Cell Advancements) in an embryoid body differentiation protocol with feeder-free adaptation ( Figure S2B ). All three PGPC lines gave rise to CD34+ HSPCs with a similar proficiency as iPSC11 cells ( Figure 4C ) and were magnetic-activated cell sorted at D8 ( Figure S2C ). PGPC14 and 17 were most enriched for CD34+ HSPCs and cocultured on OP9-DL4 cells. Next, multi-color flow cytometry was used to simultaneously measure different cell populations at D8+14 and D8+42 to assess the ability of HSPCs to differentiate to T lymphocytes, a hallmark of definitive hematopoietic potential of HSPCs ( Figure 4D ). At D8+14 (shown in Figure 4E ), early T-lineage progenitor cells (proT cells marked as CD34+ CD7+) could be observed transitioning to more developmentally matured T-lineage cells (CD34-CD7+), with a subpopulation co-expressing a pan-T cell marker (CD7+ CD5+). PGPC14 exhibited a prolonged proT stage (70%), while PGPC17 showed a more rapid transition (17%) compared with iPSC11 (53%). Simultaneous assessment of mature T-lineage markers on culture D8+42 detected the presence of double-positive (DP) CD4+ CD8+ T-lineage cells, T cell receptors (TCR+) and a T cell-specific marker (CD3+). At this time point, the PGPC lines showed similar propensity as iPSC11 to generate TCR a/b (39%-45%) cells, but only PGPC17 produced rare TCR g/d bearing (0.1%) DP cells. We conclude that PGPC lines differentiate into HSPC that mature into T cells but with different maturation dynamics that may require line-specific protocol optimization. Utility of the Resource--Sensory Neuron Protocol Optimization and Subtype Identification PGPC17_11 was selected to optimize differentiation into peripheral sensory neurons (PSNs) using a small-molecule inhibitor protocol adapted from (Chambers et al., 2012) ( Figure 5A ). Whole-cell patch-clamp recordings were used to assess excitability. At 2 weeks post-induction, all PSNs responded to sustained current injection with transient spiking but, by 4 weeks, half the neurons had switched to repetitive spiking ( Figure 5B ). The action potential waveform also experienced significant changes, which included an increase in amplitude ( Figure 5C ) and a decrease in width ( Figure 5D ) among both transient and repetitive spiking 4-week-old neurons compared with 2-week-old neurons. Among 4-week-old neurons, repetitive spiking neurons had a significantly lower rheobase (current threshold) than transient spiking neurons ( Figure 5E ). Additional membrane properties are described in Figures  S3A-S3F .
To further characterize phenotype, we imaged the Ca 2+ responses evoked by brief application of various agonists. Neurons exhibiting a robust Ca 2+ response to KCl application were considered healthy and their responses to capsaicin, GABA, and ATP were tested ( Figure 5F ). At 2 weeks post-induction, 44.6% of neurons responded to the TrpV1 agonist capsaicin, but that number fell to 10% by week 4 (p < 0.00001). TrpV1 is a marker of peptidergic nociceptors, but is broadly expressed among immature PSNs and is developmentally downregulated (Cavanaugh et al., 2011) . Our data suggest that iPSC-derived PSNs follow a similar developmental program. Low TrpV1 expression at 4 weeks suggests that repetitive spiking PSNs represent predominantly non-peptidergic nociceptors (Zeisel et al., 2018) , whereas the transient spiking neurons are most likely mechanoreceptors. The proportion of neurons responsive to GABA increased over time (p = 0.0001), as did the proportion responsive to the purinergic receptor agonist ATP (p = 0.042). These results demonstrate that PGPC17 was successfully differentiated into active neurons with a non-peptidergic nociceptor or mechanoreceptor phenotype.
Utility of the Resource--WGS Analysis
To identify iPSC-specific variants we obtained wholegenome sequences of each PGPC line to compare with their respective donor blood sequences (Table 1) The LDN and SB drug combination was applied between D0 and D5 with the CHIR, DAPT, SU, and NGF combination starting on D2 through D11. Starting on D4, N2 medium was added in increasing 25% increments replacing mTeSR1. Dividing cells were eliminated using Ara-C on D10. N2 medium was changed twice weekly thereafter.
(B-E) Representative spiking patterns to sustained somatic current injection (B). At 2 weeks, all cells spike transiently (independent experiments = 3; technical replicates R5), whereas at 4 weeks there is a significant increase in the proportion of repetitively spiking neurons (independent experiments = 4; technical replicates R2) compared with transiently spiking neurons (independent experiments = 4; technical replicates R2) (p < 0.0001, chi-squared test). The action potential waveform experienced a significant increase in amplitude (C) and a significant decrease in width (D) between 2 and 4 weeks post-induction. Rheobase was significantly lower in repetitive spiking neurons than in transient spiking neurons at 2 or 4 weeks post-induction (E). *p < 0.05 based on Mann-Whitney U tests. (F) Ca 2+ revealed a significant decrease in the proportion of neurons responsive to capsaicin between 2 and 4 weeks (p < 0.00001, chisquared test), whereas the proportion of neurons responsive to GABA (p = 0.0001) or ATP (p = 0.042) significantly increased.
loss-of-function variants, although not associated with human disease, were in genes with high haploinsufficiency scores and known function in embryonic development (PGPC14_26: TRIM71 and FRMD4A: PGPC17_11: ROBO2, Table S3 ). For PGPC14_26, we also identified an intronic 16-kb deletion of uncertain significance in IL1RAPL1, a gene associated with impaired synaptogenesis and neurodevelopmental deficits. Re-annotation of the PGP donor and cell-line derivative sequences will be important as variant databases mature (Costain et al., 2018).
Utility of the Resource--CRISPR/Cas9 Gene Editing and Phenotyping
To edit a gene for cardiac phenotyping, we targeted a region of MYBPC3 where frameshifts are associated with hypertrophic cardiomyopathy by using gRNAs for CRISPR-Cas9-directed non-homologous end-joining (Skarnes et al., 2019) . We nucleofected PGPC17_11 iPSCs with a pSpCas9(BB)-2A-Puro vector containing guide RNA (gRNA) sequences targeting MYPBC3 ( Figure 6A ). Transfected cells were selected with puromycin treatment and resistant colonies were isolated and expanded. A karyotypically normal sub-clone bearing an apparent homozygous frameshift mutation was identified in the MYBPC3_KO line by Sanger sequencing ( Figures 6A and 6B ). To characterize genetic changes, we performed WGS. On-target compound heterozygote MYBPC3 frameshifts were shown to be an 8-bp insertion at chr11:47,359,282insGTG-CAGGA, and a large >260-bp insertion at the same position in the other allele. This insertion did not map to the human genome and was not detected using our PCR-based sequencing due to the size of the insertion. To characterize potential off-target effects in the MYBPC3_KO cells, we first used benchling.com's prediction tool to identify the top 49 off-target sites. We searched 100 base pairs up-and downstream of each predicted site and found zero novel variants within these regions. When we looked for overall novel genomic variation, 917 new single-nucleotide variants and one intergenic 32-kb deletion (chr18:12,137,685-12,169,689) were found ( Table 1) . None of these variants were likely pathogenic, similar to our other reported gene edited lines (Deneault et al., 2018) .
To examine the consequences of the frameshifts on MYBPC3 protein, we generated CMs as described in Figure 3 and collected protein lysates from PGPC17 parental and MYBPC3_KO iPSC-CMs. Western blots were unable to detect MYBPC3 protein in the KO clone ( Figure 6C ). We matured CMs until D36-D44 to look for phenotypic evidence of hypertrophic cardiomyopathy as predicted by loss of MYBPC3. Indeed, xCELLigence assays detected increased BAmp in the MYBPC3_KO-CMs compared with the parental line at D42 (0.08 and 0.04 a.u., respectively) while having similar beat rates (41 to 36 bpm, respectively). Recently, Cohn et al. (2019) generated a frameshift in MYBPC3 using cells from the American PGP and observed similar phenotypes. Our findings demonstrate the utility of PGPC17_11 for gene editing to produce isogenic cell lines for cardiac phenotyping.
WGS Analysis of Publicly Available HipSci Lines
Since we found that all our iPSC lines have pre-existing and/or novel variants of potential concern when considering experiments for different lineages, we analyzed downloaded genome sequencing data of five publicly available HipSci lines suggested as healthy controls (HPSI0114i.-kolf_2, HPSI0214i.kucg_2, HPSI0214i.wibj_2, HPSI0314i.-hoik_1, and HPSI0314i.sojd_3). Across all five samples, 89%-96% of the genome was covered at least 203 (quality metrics in Table S4 ). We interpreted likely pathogenic variants, loss-of-function constraint gene variants, and VUS as described previously (Reuter et al., 2018) (Supplemental Information).
Two likely pathogenic variants were found in kolf_2 and one in sojd_3 that were predicted to have clinical relevance if identified in humans and could also affect experimental assays. kolf_2 had a substitution of two adjacent nucleotides, disrupting exon-intron boundaries of one COL3A1 allele. One variant was within canonical splice site c.3526-1G>A, and likely to cause out-of-frame exon skipping. If splicing was preserved, the second nucleotide change would result in a likely pathogenic missense alteration p.(Gly1176Ser). COL3A1 haploinsufficiency is associated with dysfunctional connective tissue, such as in the vascular system, skin, intestine, lung, and uterus, and causes vascular type (IV) EhlersDanlos syndrome. The same kolf_2 line also harbored a heterozygous 19-bp deletion p.(Pro197Hisfs*12) in ARID2. The variant was likely pathogenic for Coffin-Siris syndrome, a neurodevelopmental disorder with variable skeletal and organ manifestations. These likely pathogenic variants were also confirmed in the kolf2-C1 subline (Skarnes et al., 2019) . Finally, sojd_3 harbored a likely pathogenic heterozygous nonsense variant p.(Gln348*) in BCOR. This X-linked gene encodes a transcriptional corepressor with important functions in early embryonic development of various tissues. Females with heterozygous BCOR defects may exhibit oculofaciocardiodental syndrome. None of these likely pathogenic variants had been previously reported, and we cannot determine if they were present in the donor genomes, or arose during reprogramming, and could therefore be mosaic. We also identified several loss-of-function variants of uncertain significance in constrained genes in hoik_1 and kucg_2, mostly with known functions in early development (as in PTK2, ZNF398, UBE3C, CDC37, and TNS3; Table S3 ) and many VUS (Supplemental Information). We did not identify pathogenic or likely pathogenic variants in wibj_2, which suggests it is the variant-preferred line among this subset.
DISCUSSION
Here we generated a high-quality resource of versatile iPSC control lines for use in disease modeling studies. These cells have the benefit of both annotated genomic variants and demonstrated multilineage-directed differentiation into functional cortical neurons, CMs, and hepatocytes. Pilot users showed that the lines can be used to generate kidney organoids, T lymphocytes, or to identify specific subtypes of active sensory neurons. We also performed gene editing, which revealed a preliminary phenotype in isogenic MYBPC3 KO CMs similar to another isogenic pair (Cohn et al., 2019) .
Apart from their versatility, the main advantage of these blood-derived footprint-free lines is the clinical annotation of potentially disease-associated variants that may affect cellular phenotypes. Variant analysis in the PGPC participants' blood had revealed heterozygous variants of unknown significance in all individuals (Reuter et al., 2018) . This observation suggests that it may not be possible to isolate universal control lines and reinforces the importance for WGS in characterizing control lines, especially as clinical annotation gains precision with ongoing variant discoveries. WGS has the advantage of allowing detection of coding variants, CNVs, and noncoding variants, although the latter have not yet been fully explored in these lines. Knowledge of the donors' genomes allowed predictions on how to prioritize control lines for use as tissue specific controls. For example, as PGPC3 and PGPC14 had variants that could predispose to altered cardiac channel function, PGPC17 was deemed to be the preferred line for the study of cardiac disease. PGPC3, however, were variant preferred for neurological disorders. Consistent with a precision health approach, this strategy would allow matching of genotyped iPSC controls to the disease being modeled.
WGS has previously determined that iPSC lines have variants that differ from those in the donor. Our WGS data reveals that the reprogrammed lines have more than a thousand new SNVs each, whereas only two new CNVs were detected likely due to previous selection for normal karyotype. Most variants were of uncertain significance, with new variants of potential concern found in two of four of the blood (CD34+ cell)-derived PGPC lines (PGPC1_73 and PGPC14_26 in Table S3 ). Genome sequencing of the MYBPC3 KO line showed more than 900 additional SNVs compared with the unedited iPSC line. None of the new variants were near potential gRNA cut sites, suggesting that they were not off-target and were indeed novel mutations. These analyses highlight that iPSC lines harbor variants of potential concern that are not found in the donor blood. Moreover, our annotation of five healthy control lines from the HipSci consortium that were generated from fibroblasts discovered likely pathogenic variants in two lines and additional loss-of-function variants in constrained genes in two other lines, leaving only wibj_2 as a preferred healthy control line. Since donor WGS is not available for the HipSci lines, it is not possible to determine whether these potentially damaging variants were pre-existing or were captured during fibroblast reprogramming. In contrast, our precision health resource identified >1,000 new variants in each iPSC line, consistent with numbers reported for fibroblast reprogramming (Abyzov et al., 2017) . We propose that clinical annotation of WGS data is an important quality control measure of iPSC lines, and its expanded use will identify the best source of healthy control cells to reprogram to find additional variant-preferred lines for disease modeling.
Disease modeling has generally used two to three lines from each individual to account for variability in reprogramming. To account for 1,000-2,000 novel variants in each line compared with the parental genome, this study provides another rationale for studying multiple lines from each individual. With this in mind, we generated a resource of four to five iPSC lines each from two males and two females, all with standard pluripotency characterization available. We also performed multilineagedirected differentiation on a single line from three individuals, assuming that single lines from three to four individuals can account for inter-individual variability. One highly characterized line is therefore available from three PGPC participants, and preferred lines are likely to be of high utility for gene editing studies that compare the phenotype of isogenic cells. Ultimately, users of the resource will select one or more lines from each PGPC participant depending on their research strategy. Future efforts to apply our precision health approach to the characterization of additional control lines in cell repositories should increase the numbers of variant-preferred iPSC banked for gene editing and disease modeling studies.
Overall, our resource upgrades the quality of existing healthy iPSC lines in two ways. First our identification of novel variants of potential concern after reprogramming suggest that a subset of lines may not accurately reflect the phenotype of the original donor in some tissues. To address this concern, our precision health resource provides variant-preferred lines as controls for cardiac or neurological disease modeling and for use in gene editing strategies to create isogenic pairs of mutant and control cells. Second, our exhaustive characterization of multilineage-directed differentiation by pilot users provides strong evidence that the lines can be broadly applied by the disease modeling community.
EXPERIMENTAL PROCEDURES
Reprogramming of PGPC iPSCs was performed under the approval of the Canadian Institutes of Health Research Stem Cell Oversight Committee, and the Research Ethics Board of The Hospital for Sick Children, Toronto. Blood cells were reprogrammed with Sendai virus to deliver reprogramming factors, and iPSCs were maintained in feeder-free conditions with mTeSR1 (STEMCELL Technologies); see Supplemental Information. WGS was performed on Illumina HighSeq X and analyzed as described previously (Reuter et al., 2018) . A vector-based CRISPR/Cas9 approach was used to mutagenize MYBPC3, further described in Supplemental Information. Detailed descriptions of differentiations, characterizations, and functional assays are summarized in figures and Supplemental Information. Overexpression of Ngn2 induced iPSCs to differentiate to glutamatergic neurons. Extracellular electrophysiology recordings were collected with an Axion Maestro MEA reader (Axion Biosystems) micro-electrode array as described in the Supplemental Information. CMs were differentiated using STEMdiff Cardiomyocyte Differentiation Kits (STEMCELL Technologies). CM calcium imaging was captured by loading cells with Fluo-4 dye and taking images at 4 Hz for 30 s. Contractile and electrical activity was recorded with an xCELLigence RTCA CardioECR (ACEA Biosciences). CYP3A7 was measured using a p450-Glo assay kit (Promega) as per the manufacturer's protocol. Whole-cell electrophysiology recordings where made at room temperature with an Axopatch 200B (Molecular Devices) from borosilicate patch electrodes. Ca 2+ imaging was performed on sensory neurons incubated in Ca 2+ green-1 AM dye (Thermo Fisher Scientific) at room temperature. Images were acquired at 25 Hz using a NeuroCCD-SM256 imaging system (RedShirt Imaging).
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Popp, B., Krumbiegel, M., Grosch, J., Sommer, A., Uebe, S., Kohl, Z., Plötz, S., Farrell, M., Trautmann, U., Kraus, C., et al. (2018 Figure S1. Quality control and pluripotency characterization of PGPC lines. Related to Table S1 . (A) Normal karyotype, positive pluripotency marker immunocytochemistry labeling (OCT4, SSEA4, NANOG, and TRA-1-60) of iPSC colonies, and germ layer marker labeling of embryoid body cultures (TUBB3, SMA, and AFP) were found in all PGPC cell lines. Colour channels were independently altered to adjust contrast for publication. (B) PluriTest plot of PGPC1_73, 3_75, 14_26, and 17_11 RNAseq data localized all four lines sequenced to date to the pluripotency quadrant. (C) Female iPSC lines were assessed for X chromosome inactivation via the androgen receptor assay. All lines showed clear separation between the two amplicons in the undigested control. After digestion with methylation-sensitive enzymes all lines show complete skewing towards either active X-chromosome as shown by the presence of a single peak cluster. Full skewing list found in Table S1 . Figure S2 . Figure S2 . PGPC differentiation to kidney and T-cells. Related to Figure 4 . (A) Kidney organoid differentiation scheme. Single-cell suspensions of iPSCs were dissociated to single cells and grown in ROCK inhibitor for 24 hours before beginning differentiation by changing medium to APEL-2 supplemented with CHIR. Medium was fully replaced every other day until D5 where CHIR-medium was switched to APEL-2 supplemented with human fibroblast growth factor (hFGF)-9 and heparin. D7 cells were dissociated and aggregated by centrifugation in 1.5 ml tubes. Three to four aggregates were carefully transferred to Transwell cell culture plates and grown in media consisted of APEL-2 with CHIR. Medium was switched to APEL-2 with hFGF9 and heparin after one hour. Media was replaced every other day thereafter. From D12 onward, APEL-2 was only supplemented with heparin. (B) T-cell differentiation scheme. iPSCs were lifted with ReLeSR to clusters of 5-10 cells and transferred to low-cluster plates in StemPro34 media containing BMP4 and ROCK inhibitor. Media was changed after 24 hours to StemPro34 containing BMP4, CHIR and bFGF. At 42 hours, media was changed again now including SB-431542. At D4 EBs have a crumpled appearance and media was changed to include bFGF, VEGF, IL-6, IL-11. At D6 media was added on top of current culture media and contained VEGF, EPO, IGF, SCF, IL-6, IL-11, and bFGF. At D8, EBs were dissociated and (A) membrane capacitance, which is proportional to membrane surface area, (B) soma diameter, (C) rheobase normalized by membrane capacitance, (D) input resistance, (E) membrane leak, based on the reciprocal of input resistance normalized by capacitance, and (F) resting membrane potential. * shows p < 0.05 based on MannWhitney U tests. Notably, differences in input resistance (D) were lost after normalizing by capacitance (A), which suggests that differences in input resistance were due primarily to cell size rather than membrane leakiness. 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Reprogramming and cell culture Reprogramming of iPSCs was performed under the approval of the Canadian Institutes of Health Research Stem Cell Oversight Committee, and the Research Ethics Board of The Hospital for Sick Children (REB#1000050639). CD34+ cells were isolated from blood samples collected from each of the four PGPC donors using CD34+ Reprogramming Kit (STEMCELL Technologies) according to the manufacture's protocol. Cultured CD34+ cells were tested for mycoplasma by PCR (see Table S7 for primer pairs) during routine early passaging then reprogrammed using CytoTune-iPS 2.0 Sendair Reprogramming Kit (ThermoFisher) with modifications post transduction. Transduced cells were plated in ReproTeSR (STEMCELL Technologies) and isolated colonies were directly transferred to mTeSR1 (STEMCELL Technologies).
iPSC maintenance
All iPSC lines were maintained on Matrigel (Corning) coated dishes using mTeSR1. Daily media changes were performed except for the day following passaging. ReLeSR (STEMCELL Technologies) was used to lift clumps of iPSCs for routine weekly passaging. Accutase (InnovativeCellTechnologies) and 10 µM Rho-associated kinase (ROCK) inhibitor (Y-27632; STEMCELL Technologies) were used for single-cell dissociation purposes unless otherwise specified. Mycoplasma was routinely tested as cells were maintained.
PCR for Sendai virus
Total RNA was isolated using TRIzol (Invitrogen) according to the manufacture's protocol. 1 µg isolated RNA was used to generate cDNA with SuperScript VILO cDNA Synthesis kit (ThermoFisher) according to the manufacture's protocol. 10 µl of the reaction was amplified with AccuPrime Taq DNA polymerase with Sendai virus primers Table S7 . Resulting DNA was run on a 2% agarose gel, stained with ethidium bromide and imaged. Passage (P)2 iPSC cDNA samples were used as a positive control for Sendai virus.
Karyotyping
Karyotyping and standard G-banding chromosome analysis with 400-banding resolution was performed at The Centre for Applied Genomics (TCAG).
AR assay
Assay was performed as previously described (Cheung et al., 2011) . 400 ng genomic DNA was digested with HpaII and HhaI simultaneously for 5 hours. 2 µl digest was used in a PCR with Platinum™ Taq DNA Polymerase High Fidelity (Invitrogen) using AR gene primers (Table S7 ). 15 µl PCR was sent to TCAG for Genetic Analysis electrophoresis and resulting traces were analyzed using Peak Scanner software. Male samples were used to confirm complete digestion.
RNA sequencing and Pluritest
RNA was collected from single wells of 6-well plates using RNA PureLink RNA mini kit (Life Technologies) as per supplied protocol. RNA samples were sent to TCAG where RNA quality was checked by Bioanalyzer then sequenced as paired end 2x125 bases on an Illumina HiSeq 2500 at a depth of 20M reads. Resulting compressed FASTQ files were uploaded to www.pluritest.org for analysis (Müller et al., 2011) .
Immunocytochemistry
IPSCs were plated on 24-well dishes for epifluorescence microscopy while differentiated cells were seeded on µ-Plate 24-well Black plates (IBIDI) for confocal microscopy. IPSCs, iPSC-derived cardiomyocytes and iPSCderived hepatocytes were fixed with 4% paraformaldehyde (PFA), while iPSC-derived neurons were fixed with PKS (4% PFA in Krebs-Sucrose buffer, 50 mM KCl, 1.2 mM CaCl2, 1.3 mM MgCl2, 20 mm HEPES pH 7.4, 12 mM NaH2PO4, 400 mM sucrose, 145 mM NaCl, 10 mM glucose in water). Three washes with phosphate buffered saline (PBS) was performed followed by permeabilization with 0.1% Triton X-100 incubation for 10 minutes. Cells were blocked with blocking solution for one hour. Primary antibody (for appropriate dilutions see Table. S8) was prepared in blocking solution and incubated with the cells at 4 o C overnight. Three washes with PBS were done before incubating with fluorescence-tagged secondary antibodies (Table S8) for one hour in the dark at room temperature. Cells were washed twice with PBS then incubated with 1:2000 4′,6-diamidino-2-phenylindole (DAPI) for 5 minutes to counterstain nuclei followed with a final wash of PBS.
Imaging
IPSCs and sensory neurons were imaged on a Leica DM14000B epifluorescence microscope using a DFC 7000T camera and LAS X software (Leica). Cortical neurons were imaged with an Olympus IX81 spinning disk confocal using a Hamamatsu C9100-13 EM-CCD camera and Volocity software (Perkin Elmer). Cardiomyoctyes were imaged with a Zeiss AxioVert 200M microscope using a Hamamatsu C9100-13 EM-CCD camera and Volocity software. Hepatocytes and kidney organoid sections were imaged with a Zeiss AxioVert 200M microscope, using an AxioCam HRm camera, and AxioVision (V4.9.2 SP3). ImageJ (V1.52i) and Photoshop (V12.0) were used for image analysis and figure preparation. Individual colour channels of fluorescent images were altered to correct for brightness.
Whole genome sequencing (WGS) and clinical annotation
Genomic DNA was isolated using Quick-DNA miniprep kit (Zymo Research) according to manufacturer's protocol. 1 µg gDNA was submitted to TCAG for genomic library preparation and whole genome sequencing on an Illumina HighSeq X system as described in Reuter et al., 2018. For reprogrammed PGPC lines, we performed genome sequencing as previously described Reuter et al., 2018. We used Illumina provided software bcl2fastq (v2.20) to convert the per-cycle BCL basecall files to standard sequencing output in FASTQ format. FastQC was used to assess the quality of the experiment, and FastQ Screen to check the composition of the library. Reads were aligned to the reference human genome (GRCh37) using BWA mem (v0.7.12) (Li and Durbin, 2009 ). Duplicate reads were marked using Picard Tools (v2.5.0). Indel realignment, base quality score recalibration and germline variant detection using HaplotypeCaller were performed using GATK 3.7 following the best practices recommendation (Van der Auwera et al., 2013; DePristo et al., 2011) . Resulting variant calls were annotated using a custom pipeline developed at TCAG (Yuen et al., 2015) , based on ANNOVAR (Wang et al., 2010) . ERDS (v1.1) (Zhu et al., 2012) and CNVnator (v0.3.2) (Abyzov et al., 2011) were used to call CNVs, and a custom annotation and prioritization pipeline was used to define rare CNVs Reuter et al., 2018. We used Mutect2 (v3.7-0, default parameters) to detect somatic variants in the reprogrammed cell lines that were not found in blood (Cibulskis et al., 2013) . Variants were annotated using an ANNOVAR based pipeline (Wang et al., 2010) .
We downloaded genome sequencing data (fastq files) of five publicly available iPS cell lines: HPSI0114i.kolf_2, HPSI0214i-wibj_2, HPSI0214i-kucg_2, HPSI03145i-hoik_1, HPSI0314i-sojd_3 (http://www.hipsci.org/lines/#/lines, https://www.ebi.ac.uk/ena). We performed data analysis, variant prioritization and interpretation as described previously (Reuter et al., 2018) .
CRISPR-Cas9 gene editing
pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene #62988) was cloned with oligos designed to target MYBPC3 exon 24 using benchling.com CRISPR prediction tool (Benchling, 2019) . Indels were introduced into iPSCs by nucleofecting 2x10 6 cells with 5 µg plasmid using Nucleofector 2b (Lonza) with program A-23 (~24% transfection efficiency). Transfected cells were split to multiple wells of a 6-well plate. On D2, puromycin (0.5 ug/ml) was added to daily mTeSR1 changes until D5. Surviving single colonies were grown to D12-18 to ensure they were large enough to isolate and transfer to 24-well plates. Isolated clones were passaged and genomic DNA (gDNA) was harvested from residual cells after the first 6-well passage with Quick DNA Miniprep kit. gDNA was genotyped by submitting PCR products (Table S7) for Sanger sequencing by TCAG.
Subsequent editing of other genes was performed with 8x10 5 cells and 1.5 µg plasmid in 100 µl scale Neon Transfection System (ThermoFisher) with one pulse at 1500 millivolts for 30 milliseconds (~40-70% transfection efficiency). Nucleofected cells were plated in 2 wells of a 6-well plate with mTeSR1 media supplemented with CloneR (STEMCELL Technologies) to enhance cell survival.
Ngn2-Lentivirus preparation
Two T-75 flasks were seeded with 7.5x10 6 HEK293-T cells and grown in DMEM (Gibco) supplements with 10% fetal bovine serum (Gibco) and antibiotics penicillin and streptomycin. Cells were transfected 24 hours post seeding with Lipofectamine 2000 (Thermofisher) with 10 µg gag-pol, 10 µg rev, 5 µg VSV-G and 15 µg Ngn2 or rtTA plasmids (Hotta et al., 2009) . Media was removed 18 hours later and increased to 25 ml per dish. The following day, supernatant containing viral particles were collected, filtered and concentrated by 91,000 g centrifugation for 2 h at 4°C. The supernatant was discarded and 50 µl HBSS was added to the pellet and left overnight at 4 o C. The following day, aliquots of 10 µl were frozen at -80 o C.
Differentiation and maintenance of excitatory cortical neurons
Excitatory cortical neurons were generated as previously described by Deneault et al. 2018. In brief: 5x10 5 iPSCs/well were seeded in Matrigel-coated 6-well plate in 2 ml of mTeSR1 supplemented with 10 μM Y-27632.
The following morning media in each well was replaced with fresh mTeSR1 plus 10 μM Y-27632, 0.8 μg/ml polybrene (Sigma), and minimal amounts of Ngn2 and rtTA lentiviruses necessary to generate >90% GFP+ cells upon doxycycline induction. Viral volumes were determined for each virus batch by titration and flow cytometry measurement of GFP positivity. The day after transduction, virus-containing media were replaced with fresh mTeSR1, and cells were expanded to 80-90% confluency. Ngn2-iPSCs were expanded once to freeze aliquots of infected cells. Ngn2-iPSCs reliably generated neurons up to passage seven. Ngn2-iPSCs were dissociated using Accutase and seeded in Matrigel-coated 6-well plates at a density of 5x10 5 cells per well in 2 ml of mTeSR1 supplemented with 10 μM Y-27632 (D0). D1, media in each well was changed for 2 ml of CM1 [DMEM-F12 (Gibco), 1x N2 (Gibco), 1x NEAA (Gibco), 1x pen/strep (Gibco), 1 µg/ml laminin (Sigma), 10 ng/ml BDNF (Peprotech) and 10 ng/ml GDNF (Peprotech)] supplemented with 2 µg/mL doxycycline hyclate (Sigma) and 10 μM Y-27632. D2, media was replaced with 2 ml of CM1 supplemented with 2 µg/ml doxycycline hyclate and 2 µg/ml puromycin (Sigma). D3 media was changed to CM2 [Neurobasal media (Gibco), 1x B27 (Gibco), 1x Glutamax (Gibco), 1x pen/strep, 10 ng/ml BDNF and 10 ng/ml GDNF] supplemented with 2 µg/ml puromycin and 1 µg/ml laminin. The same media change was repeated at D4 without puromycin. D6, media was replaced with CM2 supplemented with 2 µg/ml doxycycline hyclate, 10 µM Ara-C (Sigma), 10 ng/ml BDNF, 10 ng/ml GDNF, and 1 µg/ml laminin. D8 post-Ngn2-induced neurons were dissociated with Accutase filtered through a 70 µm filter and seeded for subsequent experiments, as described below.
Seeding neurons for imaging
Two days before seeding neurons, 24-well black µ-Plates were coated overnight with poly-L-ornithine followed by an overnight coating with 40 µg/ml laminin. 3.5x10 5 neurons were seeded in each well in CM2 media and 24 hours later 7x10 4 mouse astrocytes/well were seeded on top of neurons. Astrocytes were prepared from postnatal day 1 CD-1 mice as described (Kim and Magrane, 2011) . Before use, astrocytes were checked for mycoplasma contamination. All animal work was approved by The Hospital for Sick Children Animal Care Committee and complies with the guidelines established by The Canadian Council of Animal Care. CM2 media was replaced twice weekly. 48 hours prior to fixation and staining neuron we sparsely transfected each well with 1 µg EF1a-EGFP plasmid (Djuric et al., 2015) carried by Lipofectamine 2000 in Opti-MEM. 16-18 hours post transfection media was removed and replaced with CM2 media. Neurons were prepared and imaged as described above.
Tracing neurons
Blinded images were analyzed using Imaris (Bitplane). Somas and dendrites were manually traced using the GFP channel. Axonal tracing was prevented by using the MAP2 channel to identify dendrites. 40 neurons were measured from each cell line (20 technical replicates; 2 separate differentiations).
Seeding neurons for MEA recording
48-well opaque-or clear-bottom MEA plates (Axion Biosystems) were coated with filter sterilized 0.1% PEI solution in borate buffer pH 8.4 for 1 hour at room temperature, washed four times with water, and dried overnight. 5x10 4 D8 neurons were seeded per well as 40 µl droplets in CM2 [BrainPhys (STEMELL Technologies) supplemented with BDNF, GDNF] with 400 µg/µl laminin and allowed to sit for 1 hour at 37 o C before adding 300 μl CM2 supplemented with 40 ug/ul laminin. 24 hours later, 1x10 4 mouse astrocytes/well were seeded on top of neurons in CM2. Media was changed twice a week on the same days of the week. Once a week from week four to seven, electrical activity of the MEA plates was recorded using the Axion Maestro MEA reader (Axion Biosystems). Heater control was set to 37°C. Each plate was incubated for five minutes on the warmed reader, then real-time spontaneous neural activity was recorded for five minutes using AxIS 2.0 software (Axion Biosystems). A bandpass filter from 200 Hz to 3 kHz was applied. Spikes were detected using a threshold of 6 times the standard deviation of noise signal on electrodes. Offline advanced metrics were re-recorded and analyzed using Axion Biosystems Neural Metric Tool. Electrodes were considered active if at least 5 spikes were detected per minute. Bursts and network bursts were detected by Poisson surprise and Envelope (25% active electrode threshold) algorithms, respectively. No non-active well was excluded in the analysis. After the last reading at week seven, selected wells were treated with a synaptic antagonist to AMPA receptor: 6-cyano-7-nitroquinoxaline-2,3-dion (CNQX; Sigma) at 60 μM. Plates were recorded 15 minutes after addition of the antagonists. Culture media was replaced with CM2 and after a one-hour recovery period a final recording was taken.
Statistical analysis of neurons
All statistical tests were conducted in RStudio (V1.1.456). Comparisons between soma area and dendritic length were conducted using Kruskal-Wallis tests after determining non-normal distribution of the data by qqplots and a Shapiro test. Comparisons between cell lines at each distance of Sholl analysis was conducted using Dunn's test when finding statistical significance by a Kruskal-Wallis test.
Differentiation and maintenance of CMs
Cardiomyocytes were generated using STEMdiff Cardiomyocyte Differentiation Kit (STEMCELL Technologies). iPSCs were dissociated with Accutase and seeded at 8x10 6 cells per Matrigel-coated well of a 12-well dish in mTesR1 supplemented with 10 µM Y-27632. 24 hours later media was replaced with mTesR1. 48-72 hours post-seeding (determined by confluency reaching 80-90%) differentiation was initiated by adding media A supplemented with Matrigel (D1) and continued as written in the manufacturer's protocol. D16 cardiomyocytes were dissociated with STEMdiff Cardiomyocyte Dissociation Media (STEMCELL Technologies) and seeded for subsequent experiments as described below.
Flow cytometry analysis of CMs
CMs and iPSCs were prepared for flow cytometry as per Inside Stain Kit protocol (Miltenyi Biotec). Cells were stained with recombinant (REA400) FITC-conjugated anti-cardiac Troponin T (1:10) for 10 minutes. iPSCs were used as negative controls with fluorescent-minus-one (FMO) controls used to set gating parameters. Samples were analyzed on an LSR II (BD Biosciences).
Calcium Imaging of CMs
D16 contractile cardiomyocytes were dissociated and 6x10 5 cells per well were seeded in Matrigel-coated 96-well plates in STEMdiff Cardiomyocyte Support Media (STEMCELL Technologies). The following day the media was replaced with STEMdiff Cardiomyocyte Maintenance Media and every two days thereafter. D34, cells were treated with 1 µM Fluo-4 AM (Invitrogen) in HBSS solution for 30 minutes at 37°C. Following Fluo-4 loading, cells were washed one time with HBSS solution. Imaging was carried out with a Nikon TE2000 microscope at 37°C with a 10x lens using Volocity software. Images were captured with 488 nm excitation and 516 nm emission at a rate of four images per second for 30 seconds. Image stacks were converted to videos with Volocity software (Quorum Technologies) and regions of interest were analyzed for changes in fluorescence intensity (f-f0/f0), with the resting fluorescence value F0 set as the minimal value recorded. Background intensity was subtracted from all values, and plots were normalized to zero fluorescence. Calcium transient amplitude and beat rate were calculated with Volocity software.
xCELLigence RTCA data collection xCELLigence E-plates were coated with fibronectin in water for one hour prior to cell seeding. Before adding cells, a baseline recording was taken while only media was present in the well. 4x10 5 dissociated CMs were seeded per well, then the plate was transferred to the device in a humidified incubator at 37 o C, 5% CO 2 and normoxic conditions. Twenty second sweeps were collected every three hours with a Cardio speed of 2.0 ms and ECR speed of 0.1 ms using RTCA CardioECR Software without stimulation (V1.2.0.1603; ACEA Biosciences). Recordings were paused every two days to change media to fresh maintenance media.
CM statistical analyses
Statistics for Ca
